Standalone solar photovoltaic systems are increasingly being distributed in Ethiopia, but these systems are sub-optimal due to their intermittent power supply. A hybrid system that integrates and optimizes across solar photovoltaic and complementary energy sources, such as wind and diesel generation, can improve reliability, and reduce the unit cost of power production. This study assesses the potential of a hybrid system to electrify a remote rural village in Ethiopia. The Hybrid Optimization of Multiple Electric Renewables model is used to assess primary data, develop a load profile and identify the optimal leastcost system option for the village. A sensitivity analysis was performed to determine the effect of variations in solar radiation, wind speed, and diesel price on optimal system configurations. The results show that a hybrid system with a combination of photovoltaic array, wind turbine, battery and diesel generator is the best option from an economic point of view. To meet the village's daily peak demand of 19.6 kW, energy generation cost is estimated at 0.207 dollars per kilowatt hour and net present cost at 82,734 dollars. The optimal system allows for a reduction of 37.3 tons of carbon dioxide emissions per year compared with diesel-only electricity generation.
Introduction
Ethiopia is a low-income country in Sub-Saharan Africa with a population of 110 million people. Rapid population growth is estimated to add a further 30 million people by 2030 [1] . More than 80% of the population resides in rural areas. Two-thirds of the population is under 25 years old, and about 70% are between the ages of 15 and 35 [2] . Electricity is available for 41% of the population, but only 17% of households are connected to the central grid, all in major towns and cities [3] .
Though Ethiopia is endowed with vast energy resources such as hydro, solar, wind, geothermal, biomass, coal and natural gas (see Table 1 , [4] ), the country has not yet been able to develop, transform and utilize these resources for optimal economic development [5] . About 99% of households, 70% of industries and 94% of service enterprises use biomass as the primary source to meet their energy demands.
To utilize the existing, ample energy resources and to leapfrog to the status of a middle-income country by 2025, the Government of Ethiopia (GoE) inaugurated an ambitious 15-year (2010e2025) Growth and Transformation Plan (GTP), that includes aggressive power generation and connection targets [6] . During GTP I (2010/ 11e2014/15), installed capacity reached 4206 MW, mainly from hydroelectric (3743 MW; 89%), wind (337 MW; 8%) and thermal (126 MW; 3%) energy sources [7] . GTP-II covers the period 2015/ 16e2019/20 and aims to construct a total of 14,561 MW generation projects [8] . Of this total, hydropower accounts for 11,237 MW, wind for 1200 MW, solar for 300 MW, geothermal for 1200 MW, biomass for 420 MW, and sugarcane bagasse for 504 MW. In line with increased power generation, GTP II intends to increase the current total length of distribution and high voltage transmission lines to electrify 6565 new towns, and to reduce distribution system losses from 17% to 8% and transmission system losses from 5.3% to 3.0%.
For unelectrified, off-grid areas, solar photovoltaic (PV) systems appear the better choice for bringing modern energy supply to remote Ethiopian communities. Recognizing this, over the past ten years, governmental as well as non-governmental organizations in Ethiopia have fitted thousands of homes and larger buildings across the country with solar PV-systems. The GoE disseminates two types of systems broadly categorized as solar home systems (SHSs) and solar institutional systems, with the key difference being size. SHSs are available as 8 W, 10 W, 20 W, 40 W, 60 W, 75 W, 80 W, 100 W and 130 W and institutional systems include 300 W for primary schools and 600 W for health posts. The 2010/11e2014/15 GTP aimed to disseminate 153,000 SHSs across all regions, but only 28,735 were distributed. To date, no major study has been conducted into the sustainability of the implemented solar PV systems.
Ethiopia has seen substantial GDP growth, at about 11% annually, for the last eight consecutive years, while the population grew at an average annual rate of 2.5%. The GoE aspires to achieve continued economic development at an annual rate of more than 10%, which requires concomitant growth in the development of electric power supply of more than 14% per year [9] .
The experience of other developed and developing countries undergoing rapid economic and population growth shows a substantial level of energy demand being created and the associated pressure on a country's energy infrastructure to match that demand. Ethiopia is an emerging developing country where most people live in rural villages; extending the electricity grid in a timely manner is either financially not viable or practically not feasible, since most villages are geographically isolated, sparsely populated and have low power demands. More than 70% of Ethiopians depend on fossil fuel (mainly kerosene) and solid biomass for lighting. Only about 1% use diesel-based electricity generators for lighting [5] . Biomass fuels have the largest share (92%) of total energy consumption in Ethiopia [10] . The remaining shares are hydrocarbons (7%) and electricity (1%) [11] .
Excessive use of biomass and hydrocarbons leads to harmful greenhouse gas emissions, air pollution, and local environmental degradation. In light of this, the Ethiopian government has sectoral and cross-sectoral policies, strategies and plans to replace fossil fuel and solid biomass energy sources with renewable ones, including hydro, wind and solar, to guide modern energy expansion and to maximize the local benefits from the uptake of renewable energies. The most important and recent of these include the Climate Resilient Green Economy Strategy (CRGE) [12] , the GTP [6] and the energy sector strategic plan [13] .
The CRGE strategy integrates accelerated economic growth with climate resilience and GHG abatement. The four focal strategies are to (a) improve agricultural production practices to enhance food security while reducing emissions, (b) protect forests for economic and eco-system services and as carbon sinks, (c) expand electricity generation from renewable sources of energy, and (d) leapfrog to modern and energy-efficient technologies [12] .
The GTP of 2010/11e2024/25 envisages rapid growth (11% per year) and an increased role for industry in the economy (with industrial growth of 20% per year). Development of infrastructure and, in particular, expansion of energy infrastructure feature prominently in the plan accounting for 40% of the total investment for the period. The plan includes ambitious plans for disseminating standalone off-grid solar technology (3.6 million lanterns/Pico-PV systems and 400,000 solar home systems by 2020) [6] .
The energy sector strategic plan (2011e2025) specifies the energy sector vision and goals for the period. The plan reflects, in greater detail, the goals of the GTP; provides quantitative targets for both grid and off-grid electricity as well as for other energy applications. The strategies envisioned for accelerating the uptake of offgrid and alternative energy systems are (a) promoting greater participation of government and non-government actors and improving coordination for greater effectiveness, (b) developing the market for off-grid and alternative systems through public education, and (c) improving access to finance to suppliers and users, again to increase access to these systems.
However, the energy investment plans and strategies remain vague on off-grid electrification and dissemination of hybrid renewable energy system (HRES), even though previous studies have found HRES systems to be more reliable, to produce energy cheaper [14] and to have lower storage requirements than systems consisting of only one energy source [15] . Renewable electricity (wind, solar, small hydropower, etc.) is the globally accepted choice for off-grid electrification [14] . A combination of HRES with a diesel generator and battery offers several advantages such as reduced operating time of the diesel generator, reduced operating cost as well as reduced fuel consumption [16] . The combined system also reduces environmental pollution and increases system reliability [17] .
This study develops an optimal hybrid system for the electrification of Golbo II village in Adaa district, Oromia Region, Ethiopia. Golbo II village is typical of rural villages in Ethiopia that are unlikely to be reached by the electric grid over the next decade or two. The village depends on local solutions like kerosene for lighting, traditional biomass (including cow dung) for cooking and baking, and dry cells for radio and cassette players.
To develop the elements of the hybrid system, primary energy demand data were collected through a structured survey questionnaire, focal group discussions, and observations in the field. Techno-economic parameters were also collected as inputs of the HOMER (Hybrid Optimization of Multiple Electric Renewables) model. Primary data were used to establish a daily load profile for the HOMER model to develop an off-grid system that offers an optimal and least-cost way to meet the daily electricity demand in the surveyed village. Sensitivity analyses were performed, considering variations of key parameters such as solar radiation, wind speed and diesel price. The study provides insights about the possible contribution of hybrid systems in remote households in Ethiopia to meet the government's goal of universal electrification by 2025.
Literature review
Several scholars have studied the use of renewable energy systems for off-grid application in Ethiopia, but most of the studies are focused on wind or solar resource assessment and off-grid application of standalone solar PV systems. F. Drake and F. Mulugetta assessed the potential of wind energy for Ethiopia [18] . Solar energy potential for Ethiopia was assessed and presented in Ref. [19] . Both studies apply regression coefficients of the Ångstr€ om equation relating sunshine duration to daily solar radiation and Weibull parameters. In 2004, the global Solar and Wind Energy Resources Assessment (SWERA) team released a solar and wind map for Ethiopia [20] . Based on the study the mean annual average daily radiation for the country is estimated at 3.74 kWh/m2/day, within a range of minimal estimated radiation of 1.5 kWh/m 2 in July to a maximum of 4.9 kWh/m2 in February and March. Abraha et al. (2013) study the application of a hybrid system in 3 rural villages compared to a diesel-only system [21] . Bekele used HOMER optimization and sensitivity analysis to determine the feasibility of a Wind-PV hybrid system to electrify 200 families in rural Ethiopia [22] . The study concluded that the diesel-only power system (i.e. 100% diesel) was a more feasible option than the solarwind-diesel system. Another study found that a wind-solar PV system was feasible for remote rural household electrification in Ethiopia [23] . Yet another study identified that the generation cost from wind-PV systems was higher than the existing tariff in Ethiopia [24] . Another study using the HOMER model presented a hybrid micro hydro and wind power system for a rural area in Ethiopia [25] with 660 households. According to the study, the levelized cost of electricity (COE) is $0.112/kWh from the proposed hybrid system. The COE standalone micro-hydro system increases significantly to reach $0.035/kWh. A PV-biomass-diesel based hybrid system assessment was performed for rural electrification in India [26] . Similarly, hybrid system assessments were performed for North American communities using the HOMER model [27] . Finally, a standalone PVeWindediesel system's performance and feasibility assessment was done for Ras Musherib in the United Arab Emirates [28] .
Almost all of the above studies reviewed either PV or PV/wind or wind/hydro hybrid systems and find that the renewable based systems are most feasible. Studies for Ethiopia up to now are less conclusive. This study uses primary values of energy consumption data and also updates the cost of system components for more upto-date energy systems' planning. This study also combines all potential resources to electrify rural Ethiopia villages. Sensitivity analysis further improves the breadth and depth of the assessment. The study results will be useful for all areas in Ethiopia for off-grid electrification where a reasonable wind speed and solar radiation are available and can also provide insights for other rapidly developing countries in Sub-Saharan Africa.
Materials and methods
To identify the study site, we were first used NASA data to identify areas with both solar and wind potential for off-grid electricity generation in Ethiopia. This assessment resulted in a large area of the country as there are many areas in Ethiopia with significant solar and wind potential. The second criterion was to identify a location that was sufficiently remote to not be reached by the electric grid but also sufficiently close to urban areas to support both on-farm and off-farm rural activitiesdreflecting the very rapid urbanization of Ethiopia and Sub-Saharan Africa. The third step was to identify a location where the local administration was supportive of a field study on off-grid electricity. The Water and Energy Bureau of Golbo II Village, Adaa district, Oromia Region, was supportive of the research implementation. Golbo II village representatives supported the collection of primary data. Considering all these issues, Golbo II village is considered as a representative village in Ethiopia for off-grid rural electrification.
Primary data were collected from relevant end users through a questionnaire, focus group discussion and observations during March and April 2018. Officials from the village administration and the Water and Energy Bureau of Oromia Region also helped in providing data. Secondary data were collected mainly by reviewing relevant organizations' annual reports, publications, literature, internet searches, and discussions with local people. All this information was fed into the HOMER energy model to identify a hybrid system that meets the primary energy load and minimizes the total system cost. The mathematical model of the proposed system components is described in the following.
Mathematical model of the solar energy
The output of a PV array depends on the rated capacity of the PV array, the module derating factor, the solar radiation incident on the P array, the incident radiation at standard test conditions, the temperature coefficient of power, PV cell temperature and the PV cell temperature under standard test conditions. HOMER uses the following equation to calculate the output of the PV array on a tilted surface [20] .
where, Y PV is the rated capacity of the PV array, meaning its power output under standard test conditions 
Mathematical model of wind energy
The fundamental equation governing the mechanical power of the wind turbine is given by Pw ¼ 1=2Cpðl;bÞrAV 3 (2) where, r is air density (kg/m3), Cp is the power coefficient, A is the intercepting area of the rotor blades (m 2 ), V is average wind speed (m/s), and l is the tip speed ratio. The theoretical maximum value of the power coefficient Cp is 0.593, also known as Betz's coefficient. The Tip Speed Ratio (TSR) for wind turbines is calculated as the ratio of rotational speed of the tip of a blade to the wind velocity. Mathematically, this is can be represented by:
where, R is the radius of the turbine (m), u is angular speed (rad/s), and V is average wind speed (m/s). The energy generated by wind at a certain height can be obtained by the Hellman exponential law as given in Equation (4).
where, VZ is mean wind speed at height Z.
Vz ref is mean wind speed at the reference height of the study terrain, Z is study height above the ground, and Zref is reference height, here 10 m.
Mathematical model of the battery
The battery state of charge (SOC) is the cumulative sum of the daily charge or discharge transfers. Therefore, SOC is current integration, which expresses the ratio of the available current capacity to the nominal capacity which is shown below:
where i is the battery current; Cn is the nominal capacity; t is time and is the coulombic efficiency defined as the ratio of energy required for charging to the discharging energy needed to regain the original capacity.
HOMER cost model optimization analysis
The system cost is defined as the sum of PV cost (CPV), WG cost (CWG), battery cost (CBAT), and convertor cost (CCONV),
The annual operating cost Co is computed based on the operating costs of all the installed units for the interval t in a day as shown below.
Total annualized life cycle cost of the system comprises both capital and operating cost,
Unit cost of electricity for hybrid energy systems are calculated as:
HOMER calculates the total Net Present Cost (NPC):
C NPC ¼ C ann;tot =CRFðI; R proj Þ
where, C ann , tot is the total annualized cost, i is the annual real interest rate and R proj is the project lifetime and CRF is the capital recovery factor given by Equation (2), where N is the project lifetime in years:
To calculate the COE, HOMER divides the annualized cost of producing electricity (the total annualized cost minus the cost of serving the thermal load) by the total useful electric energy production as shown in Equation (12) where, C ann , tot is total annualized cost of the system, C boiler is boiler marginal cost, E thermal is the total thermal load served, E prim , AC is the AC primary load served, E prim, DC is the DC primary load served, E de f is the deferrable load served and E grid, sales is total grid sales. In our case, since we do not have a thermal load, E thermal will be zero.
Study site and energy consumption patterns
This paper designs a hybrid system for the electrification of a remote rural village named Golbo II in Adaa district, Oromia Region, Ethiopia, which lies between longitudes 38 51 0 to 39 04 0 East and Latitudes 8 46 0 to 8 59' North, as shown in Fig. 1 [29] . The surveyed area is not connected to the national electricity grid. The nearest electrified village is Bekejo, at a distance of 10 km. Households in the study area meet their energy requirements through traditional time-and money-consuming energy sources. As shown in Table 2 , all use dry cell batteries and kerosene for lighting, dry cell batteries for radio, and cow dung for cooking and baking (wood is not an option because of already high levels of deforestation in the area). Health problems due to toxic gases emissions from the dung, lowered agricultural productivity from removing soil nutrients [30] Regarding weekly fuel consumption, an average family with five household members and three houses uses 900 ml of kerosene for lighting, 500 kg of dung for baking, 100 kg for cooking and 50 kg for making coffee. Kerosene is obtained from the nearest town market, and cellphones can be charged at Bekejo, 10 km away.
The model
HOMER is a computer model developed by the National Renewable Energy Laboratory, USA, to assist in the design of micropower systems and to facilitate the comparison of power generation technologies across a wide range of applications. HOMER models a power system's physical behavior and its lifecycle cost, which is the total cost of installing and operating the system over its lifespan. HOMER allows the user to compare many different design options, based on their technical and economic advantages. It also assists in understanding and quantifying the effects of uncertainty or variations in the inputs.
HOMER performs simulation, optimization, and sensitivity analyses. In the simulation process, the model determines the technical feasibility and life-cycle cost of a particular energy system configuration during each hour of the year. In the optimization process, HOMER simulates many different possible system configurations that satisfy the technical constraints at the lowest lifecycle cost. It also determines the optimal value of the variables over which the system designer has control, such as the mix of components that make up the system and the size or quantity of each. In the sensitivity analysis process, HOMER undertakes multiple optimizations under a range of input assumptions to quantify the effects of variations in the input parameters. When used for sensitivity analysis, the model supports assessment of the effects of uncertainty or changes in the variables over which the user has no control, such as wind-speed, solar radiation or future fuel prices [14] .
Electrical load demand for households in Golbo II village
The load profile for a hybrid system was created from the survey outcomes. The village has residential houses, public institutions (one school and one health center), and a church. Based on the survey, the electrical load demand of the site is very low, and dominated by lighting. Lighting, radio, charging cellphones, TV, cook stoves, baking stoves, and fans were found to be households' load demand priorities (from highest to lowest). The load demand for a single household is presented in Table 3 . A total of 20 households were surveyed (out of a total of 200 in the village) and it was found that most of the households' energy demand patterns are similar.
The types and volumes of energy demand in the surveyed area are simple and do not require large quantities of electrical energy, presumably as a result of not having been connected with the national grid. A household needs electricity for lighting, operating a radio/TV, and charging a cellphone. This load is based on four energy efficient lamps (compact fluorescent bulbs, 11 W each), a cellphone charger (5 W) and a television set (30 W) for each family in the village. Timing of electricity used for lighting is the same, with limited variation between winter and summer as a result of changes in the times of sunset and sunrise. Average daily TV/radio operating time is 2 h; for lightbulbs about four hours per day. The village comprises 200 households, and total household demand for the studied area is estimated at 58.2 kWh per day.
Golbo health post center
The health post has four rooms: one patient waiting room, one treatment room, one delivery room, and one vaccine storeroom. Other load demands are vaccine refrigerator, sterilizer, tape/ cassette player, and TV. The estimated load profile for the health center is presented in Table 3 . A significant amount of electricity is needed to store vaccines, and the average daily demand for the center is 1.082 kWh (see Table 3 ).
Electricity demand for the school
There is only one primary school in the village (from grades 1e8), with a laboratory, a library, a director's room, ten teaching classrooms and two toilets. On average, there are 60 students in each classroom and the school has no TV/radio and microphone service, because of it is not connected to the grid. Table 3 shows the electrical load demand for the school, and its average daily energy demand of 1.134 kWh.
Electricity demand for the church
The survey determined that the church only needs a lighting load and a fan for cooling during times of great heat. Table 3 presents the load profile for the church. Two cooling fans are required, with a capacity of 60 W each to operate four hours per day.
Proposed hybrid system and input parameters
The surveyed load data were synthesized by specifying typical daily load profiles and then including some randomness of daily 15% and hourly 10% noise in the HOMER model. These have scaled up the annual peak load to 19.6 kW and the primary load to 108 kWh/day. Overall hourly and monthly loads of Golbo II village are presented in Figs. 2 and 3 .
The proposed hybrid system for the studied village is shown in Fig. 4 . The system consists of a solar PV, wind turbine, diesel generator and battery storage with a hybrid AC to DC bus bar. HOMER simulates the operation of a system by calculating the energy balance for each of the 8760 h in a year. The diesel generator and battery are considered in this system design for continuous power supply when electricity is not being generated from the wind turbine and solar PV. Different sizes and combination of components are simulated to find the optimal design of the hybrid system to meet the projected energy demands.
During peak load, diesel generator and storage battery operate in parallel mode and, when the load is low, either the diesel generator or the storage battery can supply the load. Due to this parallel operation, the capital cost of the diesel generator and inverter can be reduced. In addition to the ACe DC conversion, the converter controls the operation of the total system by selecting the most appropriate mode of operation at the appropriate time without power interruption.
Renewable energy resources
According to the National Aeronautics and Space Administration (NASA), the annual average daily radiation on a horizontal surface in the study area is 6.06 kWh/m 2 and the clearness index (atmospheric cleanliness is defined by the clearness index) is 6.0 throughout the year. Table 4 presents monthly solar radiation, July. The average daily solar radiation data show that the study site is very appropriate for PV electricity generation. Wind-speed data are not readily available for this location. However, monthly average wind speed data at 25 m height could be obtained from the NASA Surface Meteorology and Solar Energy database. The average wind speed in the selected area at 25 m is between 3 m/s and 4.37 m/s, with the lowest values in August and September and the maximum values in December. Monthly average wind data are presented in Table 4 . 
Techno-economic inputs
There are five major system input components: wind turbine, solar PV-module, diesel generator, power converter and battery bank. Cost is one of the most important factors that determine the market penetration of renewable energy technologies in the power generation system. Recognizing this, the Government of Ethiopia waived the import/custom duty on imported renewable energy technologies beginning in November 2009. The following sections discuss available hybrid system components and their technoeconomic parameters. is linearly proportional to the incident solar radiation. If the solar radiation is 0.80 kW/m 2 , the array will produce 80% of its rated output [31] . The solar PV modules, composed of several solar cells, are clustered in a series-parallel arrangement to form solar arrays with the necessary capacity. In this study, proposed solar PV array sizes are considered: 0 kW (no PV), 5 kW, 10 kW, 14 kW, 17 kW, 20 kW and 25 kW. The temperature effect is also considered in this simulation as the electricity production is roughly anti-linear in the temperature range under which solar panels are exposed or solar PV becomes less efficient when temperature increases. A derating factor of 95% is applied in this modeling to take into account varying effects of temperature and dust on the panels. A slightly lower derating factor can be applied in very hot climate areas.
The technical and economic parameters of the selected PV array are presented in Table 5 . Capital cost of solar PV is at USD 1500/kW (USD 1 ¼ ETB 27), which includes other associated costs such as transport, labor, logistics and installation of the PV system.
(b) Wind turbine
A wind turbine uses wind to convert mechanical energy into electrical energy. The turbines normally generate electricity when the wind speed is between 2 and 4 m/s (the turbine blade starts to spin) and 25e30 m/s (cut-off wind speed) [32] . This study used a 3 kW generic DC power output wind turbine to model wind speed at 25 m height in the study area. Technical parameters and cost assumptions of the selected wind turbine are presented in Table 6 .
(c) Diesel generator
The cost of a diesel generator depends on its size. The fuel used by the diesel generator in HOMER is modeled by a linear curve characterized by a slope and an intercept at no load. The slope and intercept for a 5 kW diesel generator is about 0.33 l/h/kW [31] . The diesel generators considered here were 0 kW, 3 kW, 7 kW, 11 kW and 15 kW. A lower heating value of 43.2 MJ/kg, density of 820 kg/ m 3 , carbon content of 88% and sulfur content of 0.33% was assumed for the technology. Technical and economic parameters of the diesel generator are presented in Table 7 .
(d) Battery storage
The battery is an important part of a hybrid system since it stores surplus energy and supplies deficit energy, thus maintaining stability in a microgrid operation. HOMER uses the kinetic battery model to find the amount of energy that can be absorbed by or withdrawn from the battery storage for each time step. The maximum charge and discharge power provide the allowable range for the power into and out of the battery storage in any time step. The battery used for the system is the Hoppecke model with a rating of 2 V, 3000 Ah nominal capacity, with lifetime throughput of 10,222 kWh. The battery strings used in the simulation contained the following number of batteries: 8, 20, 22, 24, and 25. The specification of battery storage is presented in Table 8 .
(e) Converter A power converter was used in this simulation to maintain the flow of energy between the AC and DC components. A bidirectional converter connects the DC and AC bus which converts the DC voltage to AC voltage to supply energy to the load. Table 9 gives the technical and economic parameters of the converter.
Hybrid system control parameters and constraints
A 20-year proposed project life was considered. The annual interest rate is fixed at 7% [33] , the maximum renewable fraction was considered as a range from 0% to 100% and the maximum annual capacity shortage assumed at 7%. The hybrid system control parameters applied in the simulation run are summarized in Table 10 . The spinning reserve and system constraints are furnished in Tables 11 and 12 , respectively.
Dispatch strategy
The type of dispatch strategy which will be optimal for the proposed system depends on various characteristics, including the sizes of the generators and battery bank, the price of fuel, and the operation and maintenance cost of the generators. There are two types of dispatch strategies in the HOMER model, known as loadfollowing and cycle-charging. Under the load-following strategy, a generator produces only enough power to serve the load and does not charge the battery bank. Under the cycle-charging strategy, whenever a generator operates it runs at its maximum rated capacity (or as closely to that as possible without incurring excess electricity) and charges the battery bank with the excess. In the proposed system both load following and cycle charging were considered, to allow HOMER to simulate both strategies and to determine which is optimal in a particular situation [34] .
Performance metrics
HOMER selects the optimal system configurations based on total NPC and COE. The NPC of a system refers to the present value of all the associated costs during the project lifetime minus the present value of all revenues earned over the project lifetime. The cost includes capital investment cost, replacement cost, operation and maintenance cost, fuel cost and emissions penalties. However, the COE is also a useful metric to measure the system cost. It is the average cost per kWh of useful electrical energy generated by the system. Penetration rate (%) of renewable energy in any system is also considered, along with NPC and COE, for optimal system selection.
ResultS and discussion
This section presents optimization results generated by the HOMER model as well as results for electricity production for the optimal hybrid system. Sensitivity analysis is also performed in this section considering variation of data for key parameters such as diesel price, solar radiation and wind speed.
Optimization result
The HOMER model performs simulations, optimization and sensitivity analysis in order to identify the most feasible hybrid system combination in terms of cost and technical aspects, based on the given constraints and inputs. The model presents optimum results under two categories: overall optimization and categorized optimization result tables according to their initial capital, NPC, COE, dispatch type, renewable energy penetration or fraction, and capacity shortage. Fig. 5 shows the overall optimization results with many possible system configurations whose total NPC is only slightly higher than that of the optimal configuration. Fig. 6 presents optimization result by category. It shows top-ranked, least-cost systems from each optimal system configuration. The levelized COE and NPC of the optimal system configurations are shown in Figs. 7 and 8 .
HOMER results show that the PV-wind turbine (WT)-diesel generator (DG)-battery system is the best least-cost optimal configuration (Figs. 5 and 6, first option) to meet the village's electricity demand. The system consists of 20 kW of solar PV array, three wind turbines (3 kW each), a 5 kW capacity diesel generator and 24 strings of batteries with a load-following dispatch strategy. It has a total NPC of USD 82,734 and a COE of USD of 0.207/kWh. This system requires a minimum amount of diesel (1121 L per year) as renewable energy penetration is very high. This configuration is not only least cost but also emits minimal CO 2 to the environment. Therefore, it can be considered as the best system configuration from a reliability, economic and environmental points of view. The PV-DG-battery option consists of a PV array (20 kW), 24 strings of batteries and a diesel generator with 7 kW capacity, with a load-following dispatch strategy. This system has a total NPC of USD 85,754, a COE of USD 0.214/kWh, and consumption of diesel is about 2233 L per year.
The WT-DG-battery system consists of a three-unit wind turbine, 20 strings of batteries and a diesel generator of 7 kW capacity. As shown in Figs. 5, 7 and 8, this system has total NPC of USD 141,126 and COE of USD 0.352/kWh, with a cycle-charging dispatch strategy. Therefore, this system is not as viable from an economic point of view as the PV-WT-DG-battery and PV-DG-battery systems as the total NPC and COE are higher, and due to the emission of 37 tons of CO 2 per year with a renewable energy penetration rate of only 16%.
The DG-battery system, needing a diesel generator of 7 kW capacity and 20 batteries, with a cycle-charging dispatch strategy has the poorest results, with a high COE at USD 0.384 per kWh, a total NPC of USD 153,249, and 40 tons per year of CO 2 emissions, which is significantly higher than the WT-DG-battery and PV-DG-battery configurations. Therefore, this fossil fuel based system is neither an economically viable nor an environmentally friendly way to meet the electricity demand.
The WT-DG-battery and DG-battery systems are highly dependent on fossil fuel (diesel), which increases COE compared to the PV-WT-DG-battery and PV-DG-battery systems. Yearly diesel consumption for the WT-DG-battery and DG-battery systems is 12,973 L and 15,278 L, respectively.
The COE increases from USD 0.20/kWh in the PV-WT-DGbattery system to USD 0.38/kWh in the DG-battery system. The PV-WT-DG-battery and PV-DG-battery systems produce 2.9 tons and 5.8 tons of CO 2 per year, with renewable penetration rates of 0.95 (94%) and 0.87 (87%) respectively. However, the WT-DGbattery and DG-battery hybrid systems are not environment friendly, because of expected significant CO 2 emissions (34 tons and 40 tons per year, respectively), with renewable penetration rates of 0.16 (16%) and 0%, respectively.
Electricity production
Figs. 9 and 10 present monthly mean electricity production for the PV-WT-DG-battery and PV-DG-battery systems, respectively. The PV-WT-DG-battery optimum combination results indicate that the PV array, wind turbine and diesel generator, has 80%, 14% and 6% contribution for the total electricity production, with a total of 11% excess electricity, 4% unmet electricity and 6% capacity shortage. The PV-DG-battery optimum system shows that the PV array and diesel generator produce 87% and 13% electricity, respectively, with an annual capacity shortage of 6%, excess electricity of 4% and unmet electricity of 4%.
Figs. 11 and 12 present AC daily primary load demand and supply options for the PV-WT-DG-battery and PV-DG-battery configurations, respectively, for the first week of January. In these systems, discharging and recharging of the battery depend on user demand and renewable energy production. The figures show that the batteries charge themselves and their power looks positive during daytime due to energy production from solar PV. However, the overall load demand is significantly low means limited electricity use in daytime.
The battery power goes down when there is no production from solar PV. In both PV-WT-DG-battery and PV-DG-battery systems, the batteries are charged by solar PV and provide a great amount of electricity during night peak hours. Extreme shortage of power is shown in batteries in the early morning. The diesel generator helps to meet the system peak demand.
Sensitivity results
The main advantage of sensitivity analysis is to analyze the effect of variability of key resource components and fuel prices on the total NPC of the generation mix and levelized COE. The key sensitive parameters considered in this study are diesel price values of USD 0.5, 0.6, 0.7, 0.8, 0. day. In this scenario, it is observed that a small increase in wind speed can cause a significant reduction in NPC and levelized COE for all optimal systems. As clearly shown in Fig. 13 , a wind-PV-DGbattery system becomes attractive for any diesel price and for a wide range of wind speeds within a range of 3.8e6 m/s, with a reasonably levelized COE from USD 0.168/kWh to USD 0.222/kWh. On the other hand, a Wind-PV-battery system becomes economically competitive only for a higher wind speed value (above 7 m/s) and a diesel price between USD 0.7 and USD 1.2 per liter. A PV-DGbattery system becomes economically feasible for any value of diesel price and wind-speed below 3 m/s. However, a wind-DGbattery is economically feasible only within a small range of diesel prices near USD 0.5 per liter and for wind-speed greater than 7 m/s.
Sensitivity 2
Fig. 14 shows sensitivity results for a variation in solar radiation and diesel prices with a constant wind-speed value of 4 m/s. The figure shows that with any value of diesel prices and a solar radiation value greater than 3 kWh/m 2 /day, a wind-PV-DG-battery system becomes the most optimal and least-cost system with a COE of USD 0.209e0.382/kWh. However, a wind-DG-battery system becomes financially viable for all diesel prices and solar radiation of less than 1.5 kWh/m 2 /day.
Conclusions
This study identifies a representative village in Ethiopia for offgrid rural electrification considering three criterions. The first criterion was to identify areas with both solar and wind potential for off-grid electricity generation using NASA data. This assessment resulted in a large area of the country as there are many areas in Ethiopia with significant solar and wind potential. The second criterion was to identify a location that was sufficiently remote to not be reached by the electric grid but also sufficiently close to urban areas to support both on-farm and off-farm rural activitiesdreflecting the very rapid urbanization of Ethiopia and SubSaharan Africa. The third step was to identify a location where the local administration was supportive of a field study on off-grid electricity. Considering all these issues, Golbo II village was identified as a representative village in Ethiopia for off-grid rural electrification.
The study indicates that the selected study village, having a considerable annual average global solar radiation (5.23e6.57 kWh/m 2 /day) as well as substantial wind-speed (3.0e4.37 m/s), is a good prospective candidate for the deployment of a hybrid power system comprising solar photovoltaic (PV) array, wind turbines, a diesel generator and batteries. The simulation results indicate that the most economic, technical and reliable system for the off-grid system would be composed of a 20 kW solar PV array, three wind turbines (3 kW each), a 5 kW diesel generator, and 24 batteries (each with has a nominal voltage of 2 and capacity of 3000 Ah) for Golbo II village in Adaa district, Oromia Region, Ethiopia. Due to high diesel cost, power generation based solely on diesel with a battery storage system, is not economically viable. This study also indicates that, generally, remote rural villages in Ethiopia are good candidates for the deployment of one of the proposed off-grid PV-diesel generator-battery hybrid systems for electricity generation, because of their favorable solar radiation and the fact that the diesel price is almost uniform throughout Ethiopia. Utilizing this hybrid system for electricity generation e compared with using only a diesel generator e would decrease operating hours and consequently the diesel consumption of the generators. The proposed system would help to reduce emissions of greenhouse gases, reduce dependency of imported diesel and enhance system reliability and affordability.
The cost of energy for the best-optimized system is USD 0.207/ kWh. The NPC of the system is USD 82,734; initial capital costs are USD 48,497; diesel requirement is 1121 L per year; and the generator would operate for 882 h per year. The major share of electricity in the best optimal solution comes from solar PV, which provides power at low cost using free solar resources. The solar PV modules, wind turbines and diesel generator contribute 80%, 14%, and 6%, respectively, to electricity generation, with a renewable fraction of 96%. Whilst there are political and socio-economic challenges to implementing off-grid hybrid system projects in rural Ethiopia, the benefits of electrification are important to improve the quality of life in such areas. Hybrid systems can play an important role in offgrid electrification, with their greater reliability and quality of service offered. 
